Abstract. The objective of this work was to model the spread of citrus Huanglongbing (HLB) considering the presence of a population of alternative hosts (Murraya paniculata). We developed a compartmental deterministic mathematical model for representing the dynamics of HLB disease in a citrus orchard, including delays in the latency and incubation phases of the disease in the plants and a delay period on the nymphal stage of Diaphorina citri, the insect vector of HLB in Brazil. The results of numerical simulations indicate that alternative hosts should not play a crucial role on HLB dynamics considering a typical scenario for the Recôncavo Baiano region in Brazil . Also, the current policy of removing symptomatic plants every three months should not be expected to significantly hinder HLB spread.
INTRODUCTION
Brazil is the largest producer of citrus in the world with a crop of 21 million tons in 2011 [1] . Responsible for 60% of orange juice produced worldwide, the country is also the largest exporter of this product. Official projections [2] illustrate the importance of this crop to the economy of Brazil since they indicate that the production of oranges must increase from 20.2 million tons in 2013 to 23.8 million tons in 2023, which corresponds to an annual growth of 1.7%.
The disease known as Huanglongbing (HLB), identified in the largest Brazilian producing region in 2004, is currently the greatest concern among citrus growers. Caused by the bacteria Candidatus Liberibacter spp, the disease is transmitted in Brazil by Diaphorina citri psyllids, which acquires the bacteria by feeding on infected plants [3] . HLB is incurable and affects all citrus varieties.
The orange jasmine (Murraya paniculata) is an ornamental plant widely found in Brazilian backyards and urban landscapes [4] . This species is host for both the HLB bacteria and their vector [5] . In fact, it is considered the preferred host for the vector as its populations on orange jasmine are in general much higher than in citrus [6, 7] . The presence of orange jasmine nearby citrus orchards was already identified as a risk factor for the occurrence of HLB in the Brazilian region where the disease was first reported [8] . Despite the preference by the vector for orange jasmine, the pathogen does not multiply as well as in citrus plants [9, 10] . Contingency plans for HLB invasions are necessary in regions where the disease was not yet reported. Such plans should involve detection and uprooting of infected plants, but the Brazilian law also includes the possibility of local regulation of the production and trade of orange jasmine. Considering the available scientific results, the role of orange jasmine in a given HLB epidemic is controversial as it is a good host for the vector, but an inadequate one for the pathogen. Given this uncertainty, prioritizing actions involving orange jasmine could lead to ineffective, high costing results.
Mathematical modelling has been used as an important tool for understanding the dynamics of diseases spread by insect vectors [11, 12, 13] . Vilamiu et al [14] developed a deterministic mathematical model to represent the dynamics of HLB infection in citrus orchards, including delay in the incubation phase of the disease in the plants and a delay period on the nymphal stage of D. citri.
From these preliminary studies, this paper presents a deterministic compartmental mathematical model to simulate the potential impact of a orange jasmine population on the HLB epidemic in citrus orchards of the Recôncavo Baiano region, considering an homogeneous distribution of vectors and latency and incubation periods. Let τ l be the latency period in plants, τ i the duration of HLB incubation in the plant; τ v the duration of egg-nymph period for insects; φ v the intrinsic growth function of non-infective adult insects; ξ v the intrinsic growth function of adult insects that acquired HLB during nymphal stages; λ c and λ m the force of infection from insects to plants of citrus and Murraya, respectively, and λ v the force of HLB acquisition by insects. The moratality rate μ ( t) will modelled as discrete periodic events of infected plants removel and will be discussed in the end of this section. Figure 1 can be mathematically represented by the following ordinary differential equations system:
MATHEMATICAL MODEL
Defining β c and β m as the relative attractiveness of citrus and Murraya plants, respectively (so that β c + β m = 1), the proportion of insects on S c + E c , E c +infective citrus, susceptible Murraya and infective Murraya are, respectively:
The number of new nymphs reaching adult phase from eggs layed on infected plants will be proportional to the proportion of insects on them, the success rate α (product of the reproduction rate and viability) and the total number of insects. In this way, this number can be calculated for citrus and Murraya plantas, respectively, by ** Estimation based on [7] Using the definitions of e i c and e i m above, the intrinsic growth function ξ is given by:
where p a c , p n c , p a m , p n m are the acquisition probabilities (see Table 1 for definitions and values used) which are proportional to the mean bacteria concentration proportions on citrus (C c ) and Murrayas (C m ):
The infection forces are
where p a and p n are, respectively, the disease transmission probabilities from insects I a v and I n v to plants and b is the probing rate of hosts. The total population of vectors N v (t) was defined as a sine function with a maximum in January, based on [23] and the success rate will be given by a sine function based on [24] :
where θ = θ (t) = π 6 (t + 3). Since
, from the system (1) we calculate the mortality rate:
FIGURE 2. Simulations considering parameters as defined on Table 1 with t r = 3, τ l = 1, τ i = 10, b = 1. For t < 0, S c (t) = 650000, S m (t) = 250, and E c (t) = I 1 c (t) = I 2 c (t) = I a v (t) = I n v (t) = 0. At t = 0, we assume a sudden appearence of HLB, where I a v (0) = 12. N v (0) is assumed to be S c (0)/2, i.e., the maximum for the vector population equals to a mean of 0.5 insects per plant. Since we are considering the total population of vectors (N v ) to be a scenario function, we have
Because of this, the differential equation on S v (t) can be removed from the system (1). Also there is no need to define the function φ v (t) explicitly.
In Brazil, the removal of symptomatic plants is mandatory [19] and the producer must periodically scout for symptomatic plants, at least every 3 months. Thus, the model is simulated considering periodic removal (with period t r ) of symptomatic plants (I 2 c ), when all the plants identified as contaminated are removed based on the human detection efficiency ε [20] . Thus, the model (1) determines the dynamics of compartments between two successive removals and, at each removal time, the population of symptomatic plants is reduced proportionally to ε.
RESULTS AND CONCLUSIONS
On Figures 2 and 3 we performed simulations using the parameters on Table 1 for a scenario with 650,000 citrus plants, 250 Murraya plants and an oscillating vector population starting at the proportion of 0.5 individuals per plant. This is a typical scenario for the Recôncavo Baiano region of Brazil. The plants and the vectors are initially all susceptible and we consider a sudden appearance of infected vectors accounting for 5% of the population.
Comparing the two figures, we can observe that the dynamics of the compartments of citrus population does not differ significantly due to the presence of Murraya plants. In fact, there is a slight deterioration in the dynamics of susceptible citrus plants when we consider the existence of Murraya. We also performed simulations without removal of infected citrus plants with similar results.
Our results can be considered counter-intuitive by policy makers. For they, in general, consider necessary eliminating not only citrus but other alternative hosts in backyards as in Mexico [25] or in some Brazilian cities. The results indicate that such actions should not play an important role in HLB epidemics, unless the area has a higher population of orange jasmine. In this case our model could be used to determine the relevant Murraya populations and driving local decisions on the adequate policies. In a more interesting approach orange jasmine plants could be used as biotraps.
These results are valid for a scenario typical of Recôncavo Baiano region. New simulations should be performed for different initial conditions in order to confirm whether the conclusions about the minor importance of Murraya are stable. Furthermore, the role of Murraya as an HLB dispersal agent between distant areas should be evaluated.
As they are attractive to D. citri, vector populations could be somehow reduced by applying insecticides on Murraya plants. Such approach could be tested in simulations and its inclusion, as well as the inclusion of chemical control for the vectors population should be the next step of our research.
